The P/C mRNA of Sendai virus (SeV) encodes a nested set of accessory proteins, C, C, Y1, and Y2, referred to collectively as C proteins, using the ؉1 frame relative to the open reading frame of phospho (P) protein and initiation codons at different positions. The C proteins appear to be basically nonstructural proteins as they are found abundantly in infected cells but greatly underrepresented in the virions. We previously created a 4C(؊) SeV, which expresses none of the four C proteins, and concluded that the C proteins are categorically nonessential gene products but greatly contribute to viral full replication and infectivity (A. Kurotani et al., Genes Cells 3:111-124, 1998). Here, we further characterized the 4C(؊) virus multiplication in cultured cells. The viral protein and mRNA synthesis was enhanced with the mutant virus relative to the parental wild-type (WT) SeV. However, the viral yields were greatly reduced. In addition, the 4C(؊) virions appeared to be highly anomalous in size, shape, and sedimentation profile in a sucrose gradient and exhibited the ratios of infectivity to hemagglutination units significantly lower than those of the WT. In the WT infected cells, C proteins appeared to colocalize almost perfectly with the matrix (M) proteins, pretty well with an external envelope glycoprotein (hemagglutinin-neuraminidase [HN]), and very poorly with the internal P protein. In the absence of C proteins, there was a significant delay of the incorporation of M protein and both of the envelope proteins, HN and fusion (F) proteins, into progeny virions. These results strongly suggest that the accessory and basically nonstructural C proteins are critically required in the SeV assembly process. This role of C proteins was further found to be independent of their recently discovered function to counteract the antiviral action of interferon-␣/␤. SeV C proteins thus appear to be quite versatile.
Sendai virus (SeV) is an enveloped virus with a linear, nonsegmented, negative-sense RNA genome of 15,384 nucleotides. It belongs to the genus Respirovirus of the family Paramyxoviridae. The genome encodes, in a 3Ј-to-5Ј order, the nucleocapsid (N) protein, phospho (P) protein, matrix (M) protein, fusion (F) protein, hemagglutinin-neuraminidase (HN), and large (L) protein. The genome RNA is tightly encapsidated with the N protein subunits and is further complexed to the polymerase comprising the L and P protein subunits (14) . This ribonucleoprotein (RNP) complex represents the internal core structure of the virion. The viral envelope contains two glycoproteins, HN and F. The former mediates viral attachment to the surface of susceptible cells, and the latter is required for the fusion of the envelope with the cellular membrane to introduce the genomic material into the cytoplasm. The envelope lipid bilayer is derived from the host cell plasma membrane during the final step of assembly by budding. There is a layer of M proteins between the envelope and RNP (30) . The M protein has been thought to play a critical role in assembly (29, 34, 45, 46) .
There is only a single promoter at the 3Ј end for the polymerase. By recognizing the stop (termination/polyadenylation) and restart signals present at each gene boundary, the polymerase gives rise to each mRNA (reviewed in reference 23). The gene expression is usually monocistronic, generating a single mRNA, which directs a single primary translation product. However, the P gene of Paramyxovirinae is a notable exception, because it gives rise to multiple protein species by means of overlapping frames and by a process known as RNA editing, or pseudotemplated insertion of nucleotide(s) into the transcript at a specific genome locus (reviewed in references 23, 24, and 26) .
In SeV RNA editing, the pseudotemplated addition of one G residue produces an mRNA that encodes the protein termed V, while the unedited mRNA that is the exact copy of the P gene encodes P protein. Thus, P and V proteins are N coterminal, while the Ϫ1 frame is used to generate the C-terminal half of the V protein. By disrupting the editing locus in a cDNA plasmid generating a full-length copy of SeV antigenome RNA, we succeeded in recovering a virus that was defective in G insertion and V protein production. Although categorized as a nonessential gene product completely dispensable for viral replication in cells in culture, the V protein was essential for maintaining a high viral load in mice, the natural host, and producing fatal pneumonia (17) . This luxury function required for pathogenesis has been primarily mapped to the unique C-terminal half that is cysteine rich (18) .
An open reading frame (ORF) that overlaps the N-terminal portion of the SeV P ORF in the ϩ1 frame produces a nested set of proteins which are C coterminal, called CЈ, C, Y1, and Y2, and referred to collectively as the C proteins (5, 6) . Translation of CЈ is initiated on a non-AUG codon, ACG at the position 81 of P mRNA, whereas the other three start on AUGs at positions 114, 183, and 201, respectively (3, 13) . The C-related proteins are expressed from the P gene of all mem-bers of the genera Paramyxovirus and Morbillivirus but not Rubulavirus. No C protein exists in the subfamily Pneumovirinae, except for the pneumonia virus of the mouse, whose P gene contains a C-like ORF and expresses two C-like proteins (1) . The number of C proteins expressed from these viral P genes varies due to the use of a variable number of in-phase start codons. There are four from SeV, two or three from human parainfluenza virus type 1 (hPIV-1), but only one from hPIV-3 and measles virus (MV) P genes (reviewed in reference 23). The C protein sequences are conserved at least within a genus but are divergent between the genera (reviewed in reference 26). Commonly, C proteins are relatively small (180 to 204 amino acids [aa]) and highly basic. Even in a distantly related rhabdovirus, vesicular stomatitis virus (VSV), a C-like ORF overlapping the P ORF is present, and two C proteins are expressed from this frame (38) .
The C protein is regarded as the major species of SeV C-related proteins because it is expressed in infected cells at a molar ratio severalfold higher than those of the other three (CЈ, Y1, and Y2). As the SeV C protein was originally found abundantly in virus-infected cells but was apparently absent in virions, it was thought to be a nonstructural protein (22) . Subsequent observations indicated that it is detectable in small quantities in both virions and nucleocapsids isolated from cells and virions (32, 43) . The estimated copy number of C protein in virions was as low as 40 molecules per nucleocapsid (43) , indicating that SeV C protein is not a major structural protein component. The C protein was previously found to inhibit viral mRNA synthesis (3, 4) , probably by binding the L polymerase protein (15) . The C protein was also found to inhibit the amplification of the SeV minigenome in cells in a promoterspecific fashion, because the inhibitory action was exerted on an internally deleted defective interfering (DI) genome but not on a copy-back DI genome (2, 41) . Thus, a presumable role of SeV C protein would be to down-regulate both genome replication and mRNA synthesis to the levels optimal for viral replication and/or to increase replication selectivity toward the optimum (reviewed in reference 26).
Previously, we used reverse genetics to create mutant viruses in which C-protein frames are silenced, in order to address the question of how C proteins contribute to the actual viral life cycle in vitro and viral pathogenesis in vivo. Silencing of CЈ and C frames, but not Y1 and Y2 expression, suggested that C proteins greatly contribute to tissue culture replication and are indispensable for multiplication and pathogenesis in mice. Despite such strong dependency of both in vitro and in vivo replication on C proteins, it was possible to further silence Y1 and Y2 frames to create a critically attenuated but still viable clone, 4C(Ϫ) virus, in which all four C proteins were knocked out, indicating that SeV C proteins are categorically nonessential, accessory gene products (21) . SeV was shown to suppress the antiviral action of alpha/beta interferon (IFN-␣/␤) (9, 44) , and this antiviral function was now attributed to the C proteins by using various C knockout mutants (11, 12) . In this study, we attempted to further characterize the 4C(Ϫ) SeV. Our data suggested that SeV C proteins facilitate the incorporation of intracellular viral proteins into progeny virions. The SeV C proteins thus appeared to play a critical role in virus assembly, although they can be regarded as basically nonstructural proteins. This role in virus assembly was further found to be independent of anti-IFN-␣/␤ action of the C proteins. The SeV C proteins are, therefore, quite versatile.
MATERIALS AND METHODS
Viruses. The recovery of wild-type (WT) SeV and 4C(Ϫ) SeV from the respective cDNA plasmids, pSeV(ϩ) and pSeV(ϩ)/4C(Ϫ), was described previously (19, 21) . Recovered viruses were amplified in the allantoic cavity of 10-day-old chicken embryos, and their titers were expressed in hemagglutination units (HAU), cell infectious units (CIU), or PFU per milliliter as described previously (19) ; 1 CIU is almost equivalent to 1 PFU. The stock virus titers were 10 9 to 10 10 CIU/ml for the WT SeV and as low as about 10 5 CIU/ml for 4C(Ϫ) SeV.
Cell cultures and virus infection. Monkey kidney-derived cell lines CV1 and Vero were grown in minimal essential medium (MEM) supplemented with 10% fetal bovine serum. Monolayer cultures of these cells were infected with 4C(Ϫ) SeV or the WT SeV at an input multiplicity of infection (MOI) of 5 CIU/cell unless otherwise mentioned and maintained in serum-free MEM. At various hours postinfection (p.i.), the culture supernatants were assayed for CIU and HAU as previously described (20) .
Northern ) for the L-trailer region. The same RNA samples used for Northern hybridization were reverse transcribed either with pHvL1 primer for the genomic RNA detection or with pHvNPr1 for the antigenomic RNA detection. The reverse transcripts were then amplified by 10, 15, and 20 cycles with the primer specific for each genomic or antigenomic strand. PCR cycles yielding a linear correlation between the amounts of RNA template and PCR products were taken (17) .
Antibodies. Anti-C and anti-P sera were raised in rabbits with the respective recombinant proteins (17) . Polyclonal anti-L serum raised in rabbits was a gift from K. Mizumoto (Kitasato University). Mouse monoclonal antibodies against P, M, and HN were kindly provided by A. Portner (St. Judes Research Institute), and those against HN and H were provided by H. Taira (Iwate University). Anti-SeV rabbit polyclonal serum was described previously (19) .
Western blotting. Infected cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 15% (for C proteins) or 12.5% (for others) polyacrylamide gels. The proteins in the gels were electrotransferred onto polyvinylidene difluoride membranes (Millipore, Bedford, Mass.) and probed with the anti-SeV and the anti-C polyclonal antibodies as previously described (19) .
Pulse-chase experiments and immunoprecipitation. CV1 and Vero cells grown to subconfluency in six-well culture plates were infected with WT or 4C(Ϫ) SeV. Infected cells maintained in serum-free MEM for 20 h were washed three times with phosphate-buffered saline (PBS), then pulse labeled for 1 h with 20 Ci of Tran 35 S protein labeling mix (ICN Biomedicals, Costa Mesa, Calif.) per ml in cysteine-and methionine-free MEM (Nissui, Tokyo, Japan), and then chased for 0, 1, 2, 3, and 4 h with regular MEM. Collected supernatants at each chase point were centrifuged for 10 min at 500 ϫ g to remove cell debris. The clarified supernatants were then recentrifuged at 13,000 ϫ g for 2 h to pellet down the virions. The pellets were then resuspended in SDS-PAGE sample buffer, boiled, and electrophoresed in SDS-12.5% PAGE under reducing conditions. Dried gels were exposed to an image plate, and radiolabeled proteins were visualized by using a Fujix BAS2000 image analyzer (Fuji Photo Film, Tokyo, Japan). In addition, CV1 cells labeled as described above for 1 h were washed twice with PBS and lysed in 1 ml of radioimmunoprecipitation assay (RIPA) buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 10 g of aprotinin/ml) on ice, and centrifuged at 9,500 ϫ g for 10 min to remove cell debris. Then, anti-SeV serum was added to the supernatants of cell lysates and incubated on ice overnight. The immune complexes generated were recovered with Protein A-Sepharose (Gibco BRL), washed three times with RIPA buffer, and then analyzed by SDS-12.5% PAGE as described above.
Sucrose gradient centrifugation of virions. CV1 cells grown to subconfluency in 175-cm 2 culture bottles were infected with either WT or 4C(Ϫ) SeV at an input MOI of 1 CIU/cell and incubated in serum-free MEM for 16 h, washed three times with PBS, and labeled with 20 Ci of Tran 35 S protein labeling mix per ml for 24 h. The supernatants were collected and centrifuged for 10 min at 500 ϫ g to remove cell debris. The clarified supernatant was then incubated with 1% ice-cold chicken red blood cells (RBC) and kept for 30 min to allow adsorption of viral particles onto RBC. This was followed by centrifugation at 500 ϫ g for 10 min and quick washing of the pellet three times with ice-cold PBS. The pellets were then resuspended in 500 l of PBS and incubated at 37°C for 45 min to release the viruses from the RBC. Virus-containing solutions (each 500 l) were collected after removing the RBC by centrifugation at 500 ϫ g for 10 min and then centrifuged through 4.5 ml of 20 to 60% (vol/wt) sucrose linear gradient on November 9, 2017 by guest http://jvi.asm.org/ at 30,000 rpm for 90 min using a Beckman SW 50 rotor. After fractionation into 20 fractions (250 l each), 40 l of each fraction was electrophoresed through SDS-12.5% PAGE gels. Autoradiographies were obtained as described above.
Immunoelectron microscopy of virions. Volumes of 10 to 20 l of infected CV1 culture supernatants were adsorbed on a nickel-made mesh (Nissin EM, Tokyo, Japan). A few seconds later, excess fluid was removed with a filter paper and blocked with 5% skim milk in PBS for 10 min. Then, the samples were incubated with anti-SeV serum for 10 min. After several washings with the blocking solution, samples were incubated with anti-rabbit immunoglobulin G (IgG) labeled with 10-nm-diameter gold particles for 30 min and then washed with water several times. The immunogold-labeled virions were stained with 2% phosphotungstate solution (pH 7.0) for 90 s, and the excess solution was removed with filter paper and observed under a Hitachi H-800MU electron microscope.
Immunofluorescent microscopy. Monolayer cultures of CV1 cells were grown on collagen-coated eight-well slide chambers (Becton Dickinson, Franklin Lakes, N.J.) and infected with WT or 4C(Ϫ) SeV at an input MOI of 0.5 CIU/cell and incubated in serum-free MEM for 20 and 40 h. After washing with PBS, cells were fixed with 3.7% formaldehyde in PBS for 15 min at room temperature and then washed five times with PBS. The fixed cells were then treated with 0.2% Triton-X 100 in PBS to permeabilize. SeV antigens were detected by incubating them with a polyclonal anti-P or anti-L rabbit serum, each at a dilution of 1:200 in PBS or anti-HN mouse monoclonal antibody at a dilution of 1:100 in PBS. This was followed by labeling with fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG (ICN Biomedicals) or Texas Red conjugated anti-mouse IgG (Leinco Technologies, Inc., St. Louis, Mo.). All antibody reactions were performed at 37°C for 45 min. Cells were washed five times with PBS after each incubation. After mounting with an antifade reagent in glycerol buffer (Vector Laboratories, Inc., Burlingame, Calif.), cells were observed under an epifluorescence microscope (Olympus, Tokyo, Japan). For double staining, fixed cells were incubated with rabbit anti-C polyclonal and mouse monoclonal anti-M, anti-P, or anti-HN antibody together and stained by FITC-conjugated anti-rabbit IgG and Texas Red conjugated anti-mouse IgG. After washing and mounting as described above, the cells were observed under an MRC-1024 confocal laser scanning microscope (Bio-Rad, Hercules, Calif.). Figure 1A shows a detailed comparison of virus replication between WT and 4C(Ϫ) SeVs in CV1 cells under single-and multiple-cycle growth conditions with input MOIs of 5 and 0.01 CIU/cell, respectively. In single-cycle growth, 4C(Ϫ) SeV exhibited a slower kinetics throughout the experimental period. The virus titer was reduced by 100-to 400-fold in CIU and by 8-to 16-fold in HAU. Thus, the ratio of CIU to HAU also declined by about 10-fold in the case of 4C(Ϫ) virus infection (Fig. 1B) . Under multiple-cycle growth conditions, attenuation of 4C(Ϫ) virus was still more severe, yielding a CIU/ml value more than 3 logs lower than that of the WT throughout (Fig. 1A) . In addition, the CIU-to-HAU ratio of 4C(Ϫ) virus at 60 h p.i. was as low as about 10 4 , while that of the WT was above 10 6 (Fig.  1B) .
RESULTS

4C(؊) SeV replication in CV1 cells.
One can assume that the CIU-to-HAU ratio reflects the ratio of infectious particles to noninfectious physical particles in a paramyxovirus population. Thus, the above results suggested that 4C(Ϫ) SeV not only replicated very poorly in CV1 cells but also appeared to accumulate in the culture supernatant as largely noninfectious particles. This prompted us to see whether morphology would differ between the WT and 4C(Ϫ) viruses. The virus particles were pelleted from the respective supernatants of infected CV1 cultures, immunostained, and observed under an electron microscope as described in Materials and Methods. As expected, the WT preparation displayed a relatively homogenous population of spherical particles with a diameter of around 200 nm (Fig. 1C) , which is characteristic of SeV virions. Typical nucleocapsid strands were also clearly seen, and they were enclosed with the envelope typical of SeV. In contrast, 4C(Ϫ) particles were highly heterogeneous, consisting mainly of filamentous particles (Fig. 1C) . Smaller spherical particles as well as particles of a standard size and shape were also seen (Fig. 1C) . It has to be noted that neither typical nucleocapsid strands nor characteristic envelope structures were clearly seen for these filamentous or spherical particles.
As reported previously, it was remarkable that 4C(Ϫ) virus was able to produce clear plaques, though a little smaller compared with those of the WT, on the same cell monolayers, suggesting that its cell-to-cell spreading was not greatly impaired (21) .
Viral macromolecular synthesis in CV1 cells. Under the single-cycle growth conditions in CV1 cells, expression of viral genes was compared for the WT and 4C(Ϫ) viruses by Western blotting using anti-SeV and anti-C antibodies. The data confirmed that all 4C proteins were knocked out in the 4C(Ϫ) virus ( Fig. 2A) . However, the major structural proteins P, HN, F 0 , and N of the 4C(Ϫ) virus were detected with intensities comparable to those of the WT counterparts early in infection up to 20 h p.i., and later (26 and 38 h p.i.) they were increased. Northern blot patterns of the same infected cells with the N-specific probe (Fig. 2B) and other viral-specific probes (not shown) also demonstrated no appreciable suppression but increased levels of viral transcription from 4C(Ϫ) SeV, at least late in infection (26 and 38 h p.i.) (Fig. 2B) . These findings support the earlier notion that C proteins inhibit SeV mRNA synthesis (4). SeV genomic RNAs are detected at the 50S position in Northern blotting, but the aggregates of mRNAs sometimes migrate to the same position. Thus, to measure the abundance of genomic RNAs in infected cells, we have routinely used an RT-PCR-based assay with specific primers (17, 40) . The results also demonstrated no impairment of genomic
FIG. 2. Western blotting (A) and Northern blotting (B) of CV1 cells infected with WT and 4C(Ϫ) viruses and RT-PCR-based analysis of genome replication of the infected cells (C).
RNA synthesis for 4C(Ϫ) SeV (Fig. 2C) . As the assay system involved the amplification of the far (3Ј) ends of genome and antigenome RNAs, the results further indicated that processivity for the 4C(Ϫ) virus was not impaired either. In addition, the RNA levels again appeared to be even higher for 4C(Ϫ) virus than for WT virus, at least late in infection. It may have to be also noted that in WT infection, genomic RNA was more prominent than the anti-genomic RNA, while in the absence of C proteins the situation was reversed (Fig. 2C) , suggesting promoter specificity of the effect of C proteins on genome replication.
Incorporation of newly synthesized proteins into mature virions. In the above sections we have shown that viral gene expression as well as the genome replication in 4C(Ϫ)-infected cells are largely comparable to those in WT infection or even augmented, whereas the viral yield was decreased dramatically in the absence of C proteins. These results suggested an impaired maturation or assembly of 4C(Ϫ) virion. Alternatively, mature 4C(Ϫ) virions might form normally but be poorly released into the supernatant. Indeed, mature paramyxovirus virions are sometimes tightly bound to the cell surface and can only be recovered after the freezing and thawing of the cells (28) . In the case of 4C(Ϫ) infection as well as WT infection, however, freezing and thawing of cells did not increase the virus yields significantly (data not shown).
Then, the kinetics of viral protein incorporation into mature virions were studied. Infected CV1 cells were labeled with Tran 35 S protein labeling mix for 1 h at 6, 14, and 20 h p.i. The pulse labeling patterns confirmed a level of 4C(Ϫ) viral protein synthesis comparable to that of the WT (Fig. 3A) . The cells labeled at 20 h p.i. were further incubated with a chase medium for 0 to 4 h, and the virion fractions in each culture supernatants were subjected to SDS-PAGE. As shown in Fig. 3B , the P and N proteins were already detected after a 1-h chase in both WT and 4C(Ϫ) virions. In the WT infection, the HN and F 0 glycoproteins, as well as the M protein, were also detected after a 1-h chase and increased in amount with chase time. In sharp contrast, there was a significant delay of incorporation into 4C(Ϫ) virions of all three of these proteins. Also remarkably, relative to the amounts of P and N proteins, the HN, and M proteins were significantly less abundant in the 4C(Ϫ) virions than in the WT virions (Fig. 3B) . These results strongly suggested that the C proteins somehow facilitated the incorporation of the envelope and matrix proteins into virions and thereby could regulate the virus assembly.
Highly anomalous sedimentation profile of 4C(؊) virus. We then compared the sedimentation profiles of WT and 4C(Ϫ) virions. After adsorbing to and elution from RBC, the virioncontaining materials were centrifuged through a linear gradient of sucrose as described in Materials and Methods. As shown in Fig. 3C , WT virions largely sedimented into bottom fractions (fraction no. 13 to 19). In contrast, 4C(Ϫ) particles were found to distribute throughout from the top to bottom fractions (Fig. 3C) . The amounts of viral proteins were even greater in the top-half fractions (fraction no. 1 to 9) than in the bottom-half fractions (fraction no. 10 to 20). These results suggested that 4C(Ϫ) viral particles recovered from the culture supernatant contained a fraction of particles of significantly lower density and/or smaller sizes that were not seen in the WT preparation. This might be relevant to highly anomalous particle structures and sizes seen in the electron micrographs (Fig.   1C ). We therefore tried but failed to see the morphology of the top and bottom components separately because of extremely low yields of 4C(Ϫ) virus in CV1 cells.
Immunofluorescent staining of WT-and 4C(؊)-infected cells. CV1 cells infected with WT or 4C(Ϫ) SeV were singly or doubly stained with various antibodies presently available. When stained with anti-P or anti-L antibody, the specific fluorescence was highly granulous in WT infected cells (Fig. 4) . These structures were seen predominantly in the perinuclear region and could represent inclusions formed by nucleocapsids in the natural life cycle of SeV (32) . In marked contrast, in 4C(Ϫ)-infected cells, both viral proteins were found to distribute diffusely throughout the cytoplasm (Fig. 4) . When stained with anti-HN antibody, the specific antigens distributed rather diffusely in the cytoplasm in the WT infection and, in contrast, clearly tended to aggregate in the 4C(Ϫ) infection (Fig. 4) . Thus, SeV C proteins strongly affected the intracellular distribution patterns of the other viral proteins, and interestingly, its effect upon the viral internal proteins (P and L) and upon the external protein (HN) was inverse.
To visualize the interaction of C proteins with the external HN protein, internal P protein, and the M protein, double staining and confocal laser scanning were done for WT-infected cells. As shown in Fig. 5 , the P proteins appeared to be very poorly colocalized with the C proteins. In contrast, the M and C proteins were almost perfectly colocalized with each other at the perinuclear region as well as in the entire cytoplasm. Though not as good as this, colocalization was also remarkable between the HN and C proteins.
C-mediated effect on assembly is independent of IFN action. Recently it was reported that C proteins of SeV were able to counteract the antiviral action of IFN-␣/␤ (11, 12) . Thus, in the presence of C proteins, SeV replication is refractory to exogenously added IFN-␣/␤, and in their absence, viral replication is strongly inhibited not only by the exogenously added IFN-␣/␤ but also by autocrine and paracrine IFN-␣/␤ induced by the virus itself [4C(Ϫ) virus] (12). IFN-␣/␤-mediated signaling is known to involve the phosphorylation of Stat 1 molecules. This phosphorylation was blocked in the presence of C proteins (unpublished data). On the other hand, IFN-␣/␤ is known to inhibit the viral assembly or maturation at least in some virus-cell systems (33, 35, 39) . Thus, the question was raised whether the defect in the assembly of 4C(Ϫ) virus was mediated by such autocrine and paracrine IFN-␣/␤, if the CV1 cell line responded to IFN-␣/␤. A reporter plasmid, pISREluci, was transfected to CV1 cells. When treated with human IFN-␣/␤, the cells clearly responded, expressing luciferase activity increasing with time after exposure to IFN-␣/␤ (Fig. 6A,  left) . On the other hand, another monkey kidney cell line, Vero, was hardly or only very poorly able to do so (Fig. 6A,  right) . Thus, as previously demonstrated (8), Vero cells were regarded as an IFN-␣/␤ nonresponder. Then, a pulse-chase experiment was done with Vero cells exactly as was done previously with CV1 cells (Fig. 3B) to evaluate the kinetics of incorporation of intracellular viral proteins to the virion fractions in the supernatants. The results indicated that the incorporation of viral glycoproteins and matrix protein was significantly delayed in 4C(Ϫ) infection (Fig. 6B) exactly as was seen in CV1 cells (Fig. 3B) . Therefore, this delay and probably the assembly defect of 4C(Ϫ) virus have nothing to do with the failure to block IFN-␣/␤-mediated signaling.
DISCUSSION
Previously, we created by reverse genetics the 4C(Ϫ) virus that expresses none of the four C proteins and concluded that the SeV C proteins are categorically nonessential gene products but greatly contribute to full replication in tissue culture cells and pathogenicity for mice (21) . Here, we attempted to reveal how the C proteins would contribute to full virus replication in tissue culture cells by comparing replication kinetics and viral macromolecular synthesis in CV1 cells infected with the WT and 4C(Ϫ) viruses. Under single-cycle replication conditions, 4C(Ϫ) replicated much more slowly and to titers about 2 logs lower than those of the WT (Fig. 1) . Nevertheless, the synthesis of viral mRNAs, proteins, and genomic RNAs was not suppressed at all or even augmented in 4C(Ϫ) infection ( Fig. 2) . This suggested that the assembly process was impaired in 4C(Ϫ) infection. Indeed, when the incorporation of intracellular viral proteins into the virion fraction of the culture supernatants was analyzed by pulse-chase labeling, it turned out that there was a considerable delay of incorporation of the M protein as well as both of the envelope proteins, HN and F 0 (Fig. 3B ). Additional pieces of evidence supporting the role of C proteins in virus assembly were the anomalous sedimentation profile in the sucrose gradient (Fig. 3C ) and anomalous morphology (Fig. 1C) , which were characteristics of 4C(Ϫ) virions. SeV C proteins counteract the antiviral action of IFN-␣/␤ possibly by blocking the IFN-␣/␤-mediated signaling and therefore play a critical role in viral evasion of innate immunity (11, 12) . They also appear to down-regulate viral mRNA and genomic RNA synthesis, probably in order to optimize the virus replication (2, 4, 41) . The fact that 4C(Ϫ) virus displayed essentially the same assembly defect in an IFN-␣/␤-nonresponding Vero cell line (Fig. 6) clearly indicates that IFN-␣/␤ blocking function and the role in virus assembly of the C proteins have nothing to do with each other. It remains to be determined whether the role in assembly and the role in RNA synthesis are related to each other.
SeV C protein was initially regarded as a nonstructural protein expressed in cells in large amounts and absent in virions. Although the presence in the virions was later demonstrated, the C protein as well as three other C-related proteins are greatly underrepresented in the virions, compared with those in infected cells. It is, therefore, quite unexpected that the seemingly nonstructural C proteins are required for assembly. It is also very difficult to conceptualize how such basically nonstructural C proteins contribute to virus assembly.
The most acceptable model of the assembly of paramyxoviruses and other enveloped RNA viruses involves the condensation of external glycoproteins expressed on the entire cell surface into a patch of membrane, an immediate precursor of the envelope, by the association of M proteins or the M and RNP complex from the inside (29, 45) . The cross-linking of SeV external glycoproteins and internal RNP was possible only in the presence of the M proteins (36, 46) . The M proteins may further provide force ("push") from the inside for the patch of membranes to bud. Bending of membranes from the outside ("pull") may be provided by glycoproteins (25, 31, 37) . It was found for influenza A virus that the interaction between the cytoplasmic tail of neuraminidase with an internal protein (probably the M1 protein) was necessary to drive pinching off the virions (16) . Without this interaction, the virus attained highly irregular shape and morphology.
In the present study, we observed strict colocalization of M proteins with the C proteins in the cytoplasm, suggesting their interaction with each other in the natural life cycle (Fig. 5) . This presumable association, however, must be transient because the M protein is one of the most abundant components in the virions while the C proteins are one of the least abundant. Newly synthesized M proteins alone may be unable to initiate virus assembly. The C protein may act as a chaperon to convert those M proteins to an assembly-initiating form. In this context it is worthy to note that another viral or host factor would also be required for the assembly of the nucleocapsid-M protein complex of vesicular stomatitis virus (10) . The presumed role of SeV C proteins in assembly also is reminiscent of the Vif protein of human immunodeficiency virus type 1. It is also required during virus assembly, but only the traces of this protein are present in the virion itself (42) . Alternatively, the intracellular pool of SeV M proteins or their nascent chains may be constitutively associated with the C protein, and only those M proteins which are then dissociated from the C proteins may enter the assembly pathway.
Actual association between the M and C proteins remains to be demonstrated. However, there is circumstantial evidence supporting this. The 4C(Ϫ) virus stock used here was prepared after four successive passages of the virus in eggs. We found that two additional egg passages casually resulted in generation of a virus, which displayed faster and better replication compared with that of the fourth-passage virus but still was impaired compared with that of the WT virus. This partial revertant possessed an M protein mutated such that it migrated faster than that of the WT or the 4C(Ϫ) virus. This novel phenotype of the M protein was attributed to a single point mutation, Ala to Thr, at position 311 (unpublished data). Thus, this point mutation in the M protein appeared to compensate at least in part for the loss of C proteins, suggesting that the M protein can be a target of C proteins.
Though not as strikingly as the M proteins, the HN proteins were pretty well colocalized with the C proteins (Fig. 5) . In addition, delayed incorporation into virions was observed not only for the M protein but also for the HN and F 0 proteins ( Fig. 3 and 6) . Thus, it also has to be defined whether the C proteins interact with the envelope glycoproteins. The altered intracellular distribution of HN glycoproteins due to the absence of C proteins (Fig. 4) may be an indirect result of the impaired virus assembly or, alternatively, suggests the possibility of direct C-HN interaction in the natural infection in the presence of C proteins. The differences in intracellular distribution of the internal P and L proteins in the presence and absence of C proteins were also striking (Fig. 4) . The formation of RNP inclusion bodies characteristic of normal SeV infection was no longer seen in the absence of C proteins. This suggests that the C proteins may contribute to RNP formation. To test this possibility, we isolated nucleocapsids from WTand 4C(Ϫ)-infected cells and compared the SDS-PAGE profiles. However, no significant differences were found; both nucleocapsids contained the N, P, and L proteins as the major protein components in similar proportions but were poorly associated with either the M or C protein (data not shown). Thus, the altered distribution of P and L proteins in the absence of C proteins might be an indirect result caused by impaired virus assembly.
As noted above, SeV C proteins are expressed as a nested set of four C proteins. The Y1 and Y2 proteins were previously found to be unable to fully compensate for the loss of C and CЈ in maintaining a normal level of viral replication, even though Y1 and Y2 were overexpressed in the C/CЈ knockout virus (21) . Thus, there appear to be functional differences at least between C-CЈ and Y1-Y2 groups. It remains to be defined whether one, some, or all of the C proteins will be required in the assembly process. The same is true for the other functions of C proteins, such as anti-IFN-␣/␤ action.
In summary, SeV C proteins were previously found to regulate RNA synthesis and also appeared to be essential for the virus to counteract the innate immunity of the host to clear the virus by IFN-␣/␤. It is now clear that SeV C proteins play an essential role in virus assembly. Thus, SeV C proteins are quite versatile. Reverse genetics has now become available for many members of paramyxoviruses, representing all four genera (27) . Similar reverse genetics studies of other C-protein-encoding members will greatly facilitate the understanding of this extremely interesting and versatile accessory gene product of members of the Paramyxoviridae family.
